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and root carbohydrate reserves differ between N- fixing and 
non- N- fixing savanna tree seedlings





































limited.	 Although	 both	 functional	 groups	 increased	 biomass	 production	 following	
fertilization,	 non-	N-	fixers	 were	 more	 responsive	 and	 showed	 greater	 relative	 in-
creases	in	biomass	with	fertilization	than	N-	fixers.	N-	fixers	had	greater	baseline	in-
vestment	 in	 belowground	 resources	 and	 root	 carbohydrate	 stocks,	 and	 while	
fertilization	reduced	root:shoot	ratios	in	both	functional	groups,	root	carbohydrate	
content	 only	 reduced	with	 fertilization	 in	 non-	N-	fixers.	 Our	 results	 indicate	 that,	
even	within	a	given	system,	plants	belonging	to	different	functional	groups	can	be	
limited	by,	 and	 respond	differentially	 to,	 different	nutrients,	 suggesting	 that	 long-	
term	consequences	of	nutrient	deposition	are	likely	to	vary	across	savannas	contin-
gent	on	the	relative	amounts	of	N	and	P	being	deposited	in	sites.
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dynamics	 is	well	 recognized	 (Lehmann	et	al.,	2014;	Sankaran	et	al.,	




able	 to	 future	 global	 change	 drivers	 including	 nutrient	 deposition	
(Sala	et	al.,	2000),	understanding	the	impacts	of	enhanced	nutrient	
availability	on	vegetation	dynamics	of	mixed	 tree-	grass	 systems	 is	






Phoenix	 et	al.,	 2006;	 Vitousek,	 1994;	 Vitousek	 et	al.,	 1997).	 This	










N-	fixing	and	non-	N-	fixing	species	differ	 inherently	 in	 their	nu-






plants	 have	 tissues	 that	 are	 richer	 in	 N	 than	 non-N-fixers	 due	 to	
their	association	with	N-	fixing	bacteria	in	root	nodules.	Additionally,	
plants	that	invest	in	symbiotic	N2	fixation	also	have	greater	require-







of	 added	 N	 and	 P	 relative	 to	 non-	N-	fixers.	 Nodulation,	 although	












biomass	 increases	 in	N-	fixers	 relative	 to	 non-	N-	fixers	 that	 have	 a	
lower	N	and	P	demand	is	unclear.
Besides	altering	growth,	increased	nutrient	availability	can	also	




the	 canopy	 as	 reproductively	mature	 adults	 (Bond,	 2008;	Bond	&	




resources	 belowground	 and	 invest	 in	 root	 carbohydrate	 reserves,	
which	 are	 remobilized	 to	 support	 the	 cost	 of	 postfire	 resprout-
ing	 (Bell,	 2001;	 Bell	 &	 Ojeda,	 1999;	 Bond,	 Midgley,	 Woodward,	






Cramer,	 &	 Bond,	 2009).	 Allocation	 of	 resources	 belowground	 has	
been	shown	to	be	influenced	by	nutrient	availability	(Hermans	et	al.,	
2006;	Knox	&	Clarke,	2005;	Tilman,	1988;	Wang	et	al.,	2015),	and	
plants	 in	 general	 tend	 to	 reduce	belowground	 investment,	 that	 is,	
lower	root–shoot	ratios	 (henceforth,	R:S	ratios),	and	decrease	root	
carbohydrate	 reserves	with	 increasing	N	and	P	 availability	 (Clarke	
&	Knox,	2009;	Hermans	et	al.,	2006;	Ryle	et	al.,	1981;	Wang	et	al.,	
2015).	Differences	between	species	and	 functional	groups	 in	allo-
cation	 to	 belowground	 resources	 and	 root	 carbohydrate	 reserves	











on	 biomass	 accumulation,	 biomass	 partitioning,	 and	 root	 storage	
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carbohydrate	content	 in	 seedlings	of	multiple	 tree	species	charac-
teristic	of	savanna	and	tropical	dry	forests	 in	peninsular	 India.	We	
chose	these	responses	as	they	play	an	important	role	in	determining	
the	competitive	ability	of	 tree	 seedlings,	 as	well	 as	 their	 ability	 to	
survive	fires,	a	key	disturbance	agent	in	this	ecosystem.	We	exam-




magnitude	 of	 increase	 to	 be	 greater	 amongst	 non-	N-	fixers,	 (b)	N-	




2  | MATERIAL S AND METHODS
The	 experiment	 was	 conducted	 at	 a	 field	 site	 in	 the	 village	 of	
Hosur,	 located	 in	Mysore	 district	 of	 the	 southern	 Indian	 state	 of	
Karnataka.	A	total	of	13	commonly	occurring	savanna	and	tropical	
dry	 forest	 tree	 species	were	 selected	based	on	published	 sources	
(Kodandapani,	Cochrane,	&	Sukumar,	2008;	Kumar	&	Shahabuddin,	
2005;	 Puyravaud,	 Pascal,	 &	 Dufour,	 1994;	 Sagar	 &	 Singh,	 2004)	
and	 included	 six	 N-	fixers	 (Acacia catechu	 (L.f.)	 Willd., Acacia fer-
ruginea	DC., Acacia leucophloea	 (Roxb.)	Willd., Albizia amara	 (Roxb.)	
B.Biovin., Albizia lebbeck	 (L.)	 Benth.	 and Dalbergia latifolia	 (Roxb.)),	
and	seven	non-	N-	fixers	(Lagerstroemia indica	(L.), Lagerstroemia spe-
ciosa	 (L.)	Pers., Phyllanthus emblica	 (L.), Sapindus emarginatus Vahl., 
Terminalia arjuna	 (Roxb.	ex	DC.), Terminalia bellirica	 (Gaertn.)	Roxb.,	
and Zizyphus jujuba	Mill.).
Three-	week	old	 seedlings	were	procured	 from	 the	Foundation	
















to	 polybags	 as	 solutions	 of	 urea	 and	 single	 superphosphate	 (SSP),	
respectively,	 in	 three	separate	applications	two,	 four,	and	6	weeks	
after	transplant.	Seedlings	were	watered	regularly	to	prevent	water	
stress.	 Final	 sample	 sizes	 for	 each	 species-	treatment	 combination	
ranged	from	five	to	14	individuals	(see	Supporting	information	Table	
S1	for	exact	number	of	replicates),	with	a	total	of	604	individuals	in	
the	 entire	 experiment.	Unequal	 sample	 sizes	were	 a	 consequence	



















R:S	 ratios	 and	 root	 carbohydrate	 content	 to	 fertilization	were	 an-








using	 Satterthwaite’s	 approximation	 for	 degrees	 of	 freedom	 im-
plemented	 within	 the	 lmerTest	 package	 (Kuznetova,	 Brockhoff,	 &	
Christensen,	 2014).	 The	 nodule	mass	 data	 for	N-	fixers	 included	 a	
large	number	of	zeros	for	the	nutrient	addition	treatments	resulting	
in	a	skewed	distribution	which	did	not	match	criteria	to	be	consid-
ered	a	 zero	 inflated	distribution.	Hence,	 for	 this	analysis,	we	used	




3.1 | Biomass accumulation and allocation
N-	fixers	 and	 non-	N-	fixers	 differed	 in	 their	 response	 to	 nutrient	
addition	 (significant	 nutrient	 treatment	 x	 functional	 group	 interac-
tion	 for	 total	biomass:	F = 5.6984, df = 3, p < 0.001;	 shoot	biomass:	
F = 6.1188, df = 3, p < 0.001;	 root	 biomass:	 F = 4.7438, df = 3, 
p = 0.003).	N-	fixers	in	this	system	appeared	to	be	co-	limited	by	N	and	
P,	showing	significant	 increases	 in	total	 (55%;	p < 0.001;	Figure	1a),	
shoot	(64%;	p = 0.001;	Figure	1c),	and	root	biomass	(51%;	p < 0.001; 
Figure	1e)	only	when	supplied	with	both	N	and	P.	Non-	N-	fixers,	on	
the	 other	 hand,	 appeared	 to	 be	 N	 limited,	 with	 increases	 in	 total	
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their	 above-	ground	 biomass	 by	 64%	 from	 approximately	 7.47	g	 in	
the	control	 treatment	to	12.25	g	 in	the	NP+	treatment	 (Figure	1c),	
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nutrient	 treatments	 had	 any	 effect	 on	 root	 carbohydrate	 concen-
trations	of	N-	fixing	species.	In	contrast,	root	carbohydrate	concen-





N+	(p = 0.01)	and	NP+	(p = 0.01)	treatments,	a	reduction	of	16%.
3.3 | Nodulation in N- fixers
All	N-	fixing	species	nodulated	in	the	control	treatment.	Fertilization	
had	 a	 very	 strong	 negative	 effect	 on	 total	 nodule	 mass	 (species	
means)	in	N-	fixers	(F = 4.6622,	df = 3,	p = 0.02;	Figure	3).	Combined	
N	and	P	addition	resulted	in	the	largest	declines	(−88%;	p = 0.004)	





vanna	 tree	seedlings	can	 lead	 to	contrasting	 responses	 in	 the	 two	























trees	have	 typically	evaluated	woody	vegetation	 responses	 to	 the	
addition	of	 a	 single	nutrient	 (Kraaij	&	Ward,	2006;	Wang,	Katjiua,	
D’Odorico,	 &	 Okin,	 2012),	 or	 the	 combined	 addition	 of	 N	 and	 P	
(Barbosa	et	al.,	2014;	van	Der	Waal	et	al.,	2009;	Khurana	&	Singh,	
2004;	 Vadigi	 &	Ward,	 2013),	 thereby	 precluding	 identification	 of	







plant	 responses,	where	evaluated,	have	also	been	 similarly	 varied,	
with	studies	reporting	no	effects	of	N	addition	on	growth	of	a	non-	
N-	fixing	 species	 (Colophospermum mopane;	 van	 Der	 Waal	 et	al.,	
2009),	P-	limitations	to	growth	of	an	N-	fixing	species	(Acacia erioloba; 




Ac.catechu Ac.ferruginea Ac.leucophloea Al.amara Al.lebbeck D.latifolia
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of	 a	 non-	N-	fixing	 species	 (Combretum hereroense;	 Holdo,	 2013).	
There	is	also	evidence	to	suggest	that	different	 life-	forms	within	a	
given	 savanna	 can	 be	 limited	 by	 different	 nutrients.	 For	 example,	
in	a	Namibian	savanna,	grass	growth	was	reported	to	be	N-	limited	




differing	N:P	 ratios	of	 savanna	grasses,	N-	fixing,	 and	non-	N-	fixing	
trees	(Pellegrini,	2016;	Ratnam,	Sankaran,	Hanan,	Grant,	&	Zambatis,	
2008)	suggest	that	differential	nutrient	limitation	of	different	plant	






Non-	N-	fixers	 in	our	 study	were	more	 responsive	 to	 the	 allevi-
ation	 of	 nutrient	 limitation	 and	 showed	 greater	 relative	 increases	
in	biomass	with	fertilization	compared	to	N-	fixers.	As	expected,	N-	
fixers	 reduced	 investment	 in	 root	nodules	with	 increasing	N	avail-
ability	 (N+	and	NP+	 treatments;	Gutschick,	 1981;	 Sterner	&	Elser,	
2002;	 Vitousek	 et	al.,	 2002).	 Although	 resources	 that	 previously	




pronounced	 than	 that	observed	 in	non-	N-	fixers.	These	 results	are	
consistent	with	broader	scale	patterns	reported	 in	a	meta-	analysis	
by	 Xia	 and	Wan	 (2008),	 where	 biomass	 increases	 in	 response	 to	
fertilization	in	non-	N-	fixers	were	twice	as	large	as	those	of	N-	fixers	
across	a	range	of	plant	life-	forms	and	ecosystem	types.	Differences	
in	 responses	 to	 fertilization	 between	 functional	 groups	were	 par-
ticularly	 pronounced	 for	 shoot	 biomass,	 with	 non-	N-	fixers	 nearly	
doubling	aboveground	biomass	(83%	increase)	with	combined	N	and	
P	addition,	as	opposed	to	a	64%	increase	in	N-	fixers.	Barbosa	et	al.	
(2014)	 also	 report	 similar	 results,	where	NPK	 fertilization	 resulted	
in	increases	in	seedling	stem	length	only	among	non-	N-	fixing	South	
African	 savanna	 tree	 species.	 Greater	 relative	 investment	 in	 abo-
veground	growth	can	be	an	effective	strategy	for	juveniles	to	avoid	
light	competition	and	quickly	escape	the	zone	of	grass	fuelled	fires	
above	which	 fire-	induced	 tree	mortality	 is	 low	 (i.e.,	 the	 fire	 trap),	
when	fires	are	infrequent.	However,	it	potentially	comes	at	the	cost	
of	 being	 able	 to	 survive,	 resprout,	 and	persist	within	 the	 fire	 trap	
when	fires	are	frequent.	Although	both	plant	functional	types	in	our	
study	 increased	total	 investment	 in	both	above-	and	belowground	
tissues	following	fertilization,	non-	N-	fixers	reduced	relative	invest-
ment	 in	 belowground	 tissues	 (R:S	 ratios)	 to	 a	 greater	 extent	 than	
N-	fixers.	 Further,	 non-	N-	fixers	 reduced	 root	 carbohydrate	 stocks	
following	 fertilization,	 while	 N-	fixers	 adopted	 a	 more	 “conserva-
tive”	 strategy	 and	 continued	 to	 maintain	 their	 root	 carbohydrate	
reserves.	 Greater	 investment	 in	 belowground	 tissues	 (R:S	 ratios),	
and	root	carbohydrate	stocks	in	particular,	has	been	linked	to	faster	
rates	of	postfire	 recovery	 (Bell,	 2001;	Bond	et	al.,	 2003;	Clarke	&	
Knox,	2009;	Clarke	et	al.,	 2013;	Hoffmann	et	al.,	 2000;	 Lamont	&	
Wiens,	2003;	Vesk	&	Westoby,	2004;	Wigley	et	al.,	2009)	suggest-
ing	that	N-	fixing	species	are	likely	to	be	less	prone	to	fire-	mediated	










ing	 fertilization	 can	 potentially	 be	 attributed	 to	 differences	 in	 the	





by	 changes	 in	 resource	 availability	 (Clarke	&	Knox,	 2009;	Knox	&	
Clarke,	2005).	Accumulated	reserves,	on	the	other	hand,	are	formed	
in	addition	to	true	reserves	when	the	acquisition	of	non-limiting	re-













Here,	we	 investigated	 the	 responses	 of	N-	fixing	 and	 non-	N-	
fixing	savanna	and	dry	forest	woody	seedlings	to	atmospheric	nu-




on	nutrient	 availability,	 as	well	 as	 the	 interaction	between	plant	
nutrient	 status	 and	 herbivory,	 we	 nevertheless	 believe	 that	 our	
results	 provide	 a	 basis	 for	 understanding	 savanna	 responses	 to	
nutrient	deposition.	Our	results	suggest	 that	nutrient	deposition	
has	 the	 potential	 to	 induce	 longer-	term	 compositional	 shifts	 in	
savanna	tree	communities	by	differentially	affecting	the	growth,	
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